The most widely used type II pyrethroid is β-cypermethrin (β-CYP), and 3-phenoxybenzoic acid (3-PBA) is one of its primary metabolites. Although CYP has been shown to pose toxic effects in some immune cells, as of now the immunotoxicity of CYP on immune progenitor cells has not been well studied. In this study, we evaluated the immunotoxicity of β-CYP and 3-PBA on the human promyelocytic leukemia cell line, HL-60. Both β-CYP and 3-PBA reduced cell viability. In addition, both β-CYP and 3-PBA stimulated the intrinsic apoptotic pathway in a dose-and timedependent manner, while only β-CYP induced cell cycle arrest in G1 stage. Moreover, exposure to β-CYP and 3-PBA at 100 μM inhibited all-trans retinoic acid (ATRA)-induced mRNA expressions of the granulocytic differentiation-related genes, CD11b and CSF-3R. Furthermore, exposure to β-CYP and 3-PBA resulted in a downregulation of the granulocytic differentiation promoting transcriptional factors, PU.1 and C/EBPε. Furthermore, we found that β-CYP and 3-PBA exposure led to elevated levels of cellular reactive oxygen species (ROS), and that pretreatment with N-acetylcysteine (NAC) blocked the toxic effects caused by β-CYP and 3-PBA. The results obtained in the present study provide evidence showing the immunotoxic effects of β-CYP and 3-PBA on promyelocytic cells as well as its possible underlying mechanism.
Introduction
For over 30 years, synthetic pyrethroid (SP) insecticides have been used worldwide as a method to control agricultural and household pests due to their high efficiency and low mammalian toxicity. They account for 38% of insecticide market sales with a promising increase due to restrictions on the use of organochlorines and organophosphates [1, 2] . Cypermethrin (CYP) is the most widely used type II SP [3] , and β-cypermethrin (β-CYP), a mixture of two enantiomers, is used commercially and is highly efficient [4] . Due to its stability and long elimination half-life, combined with ever increasing usage, CYP has become one of the most common contaminants found in the environment [5] .
To function properly, the immune system must eliminate pathogens from the environment as well as from the organism itself, thus it is quite susceptible to environmental pollutants, including pesticides [6, 7] . SPs, including CYP, have been shown to possess the potential for immunotoxicity. Our previous study showed that, cisbifenthrin, a class I pyrethroid insecticide, has the potential to induce immunotoxicity through the inhibition of pro-inflammatory cytokine expression and the induction of cell apoptosis in RAW 264.7 cells and additionally can decrease the splenic weight and inhibit splenocyte proliferation in mice [8, 9] . In addition, we also found that β-CYP and 3-phenoxybenzoic acid (3-PBA) exhibited immunotoxicity in murine macrophages [10] . Moreover, it was reported that CYP can induce apoptosis and DNA damage in RAW 264.7 cells [11] . Existing research on immunotoxicity of SPs raises the concern that they may also pose toxicity on other immune cells, including immature immune cells. Promyelocytic cells have the potential to differentiate into granulocytes or monocytes [12] , however, the immunotoxic effect of CYP on promyelocytic cells has not yet been studied thoroughly.
In this study, we used the human promyelocytic leukemia cell line, HL-60, as an in vitro model to examine cell viability, cell cycle distribution, granulocytic differentiation, reactive oxygen species (ROS) level, and the mRNA levels of genes related to apoptosis and granulocytic differentiation in response to β-CYP and 3-PBA. Our findings unveiled a novel aspect of toxicological mechanism mediated by β-CYP and its metabolite in promyelocytic cells.
Materials and Methods
Cell culture and chemicals HL-60 cells were obtained from American Type Culture Collection (ATCC, Manassas, USA) and were cultured in RPMI 1640 (Bioind, Haemek, Israel), supplemented with penicillin (100 μg/ml), streptomycin (100 U/ml), and 10% FBS (Gibco, Gaithersburg, USA). Cells were incubated at 37°C in a humidified atmosphere with 5% CO 2 , and the medium was refreshed every other day.
β-CYP (CAS No. 65731-84-2, >99%, 1R-cis-αS: 1R-trans-αS: 1S-cis-αR: 1S-trans-αR = 2:3:2:3) was purchased from Pesticide Research Institute (Shanghai, China), and 3-PBA (CAS No. 3739-38-6, >98%) was purchased from Sigma-Aldrich (St Louis, USA). They were both independently dissolved in dimethyl sulfoxide at a concentration of 100 mM, which served as the stock solutions. These stock solutions were stored at 4°C and diluted to appropriate concentrations using final medium prior to use. All-trans retinoic acid (ATRA) (CAS No. 302-79-4) and N-acetylcysteine (NAC) (CAS No. 616-9-11) were purchased from Sigma-Aldrich.
Cell viability assay
HL-60 cells were seeded into a 96-well plate at a density of 5000 cells/well in preparation for 24 h or 48 h treatment. Cells were pretreated with or without NAC (5 mM) for 1 h, and then were exposed to β-CYP or 3-PBA at 1, 5, 25, 50, or 100 mM for 24 h or 48 h. Cell viability was determined using a Cell Counting Kit-8 (Beyotime, Beijing, China) according to manufacturer's instructions. Absorbance at 450 nm was measured using a microplate reader (Bio-TEK, Winooski, USA). Experiments were repeated in triplicate.
Caspase-3 activity assay
After treatment with β-CYP or 3-PBA at 25, 50, or 100 μM, with or without 1 h of pretreatment with NAC (5 mM), HL-60 cells were collected by centrifugation at 600 g for 5 min and washed with phosphate-buffered saline (PBS). Cell pellets were lysed by freezing/ thawing for 15 min after resuspension in lysis buffer, followed by centrifugation at 18,000 g for 15 min. All procedures were conducted at 4°C. The protein concentrations of the supernatant fractions were determined using a Bradford Protein Assay Kit (Multi Sciences, Hangzhou, China) according to the manufacturer's instructions. Aliquots of cell extracts were incubated with the capase-3 substrate, acetyl-Asp-Glu-Asp p-nitroanilide (Ac-DEVD-pNA), at 37°C for 2 h, to produce p-nitroanilide (pNA). The absorbance of pNA at 405 nm was measured using a microplate reader (Bio-TEK), and standard curves were generated to plot the data of absorbance against pNA amount. Caspase-3 activity was expressed as units/mg protein, with 1 unit = 1 μM pNA/h.
Cell cycle analysis
HL-60 cells were exposed to β-CYP or 3-PBA at 25, 50, or 100 μM for 24 h, with or without 1 h of pretreatment with NAC (5 mM). After exposure, 500,000 cells were collected and washed twice with PBS, followed by incubation at room temperature in a binding buffer containing propidium iodide for 30 min. Cells were then washed and resuspended in PBS. Final analysis was carried out using a flow cytometer (Thermo fisher, Waltham, USA), with the excitation and emission wavelengths at 535 nm and 615 nm, respectively. Experiments were repeated in triplicate.
Quantitative reverse transcription PCR analysis
In order to detect mRNA levels of genes related to apoptosis, HL-60 cells were exposed to β-CYP or 3-PBA at 25, 50, or 100 μM for 48 h, with or without 1 h of pretreatment with NAC (5 mM). To detect mRNA levels of genes related to differentiation, HL-60 cells were exposed to different concentrations of β-CYP or 3-PBA for 72 h, with or without 1 h of pretreatment with NAC (5 mM). After drug exposure, cells were collected and total RNA was isolated using Trizol reagent (TaKaRa, Dalian, China). The quality and concentration of RNA were assessed using a Bioteke ND5000 instrument (Bioteke Scientific, Beijing, China). Reverse transcription was carried out using a reverse transcriptase kit (TransGen Biotech, Beijing, China), following the manufacturer's instructions. Quantitative reverse transcription PCR analysis (RT-qPCR) was performed using the SYBR Green PCR Reagents Kit (TaKaRa) on an EppendorfMasterCycler ® ep RealPlex4 (Wesseling-Berzdorf, Wesseling, Germany) as previously described [13] . GADPH was used as an internal control for normalization of the data. The PCR thermal cycling conditions were 95°C for 3 min, followed by 40 cycles at 95°C for 15 s and 60°C for 60 s. The primers used in this study are listed in Table 1 .
Measurement of ROS
After exposure to β-CYP or 3-PBA at 25, 50, or 100 μM for 4 or 24 h, with or without 1 h of pretreatment with NAC (5 mM), HL-60 cells were harvested and washed with PBS twice, then suspended in RPIM 1640 medium containing 10 μM DCFH-DA (Beyotime) and incubated for 20 min at room temperature. Cells were then washed with PBS three times and subjected to flow cytometric analysis, with excitation and emission wavelengths at 480 and 525 nm, respectively. Experiments were repeated in triplicate.
Statistical analysis
Data are expressed as the mean ± SE. Statistical analysis was carried out using Graphpad Prism (v. 5.0). One-way ANOVA followed by Tukey's multiple comparison test was used to evaluate the statistical differences between groups, with the significance level set at P < 0.05.
Results

β-CYP-and 3-PBA-induced cytotoxicity in HL-60 cells
Exposure to 100 μM β-CYP for 24 h significantly reduced the cell viability of HL-60 cells by 14% when compared with the control, while exposure to 3-PBA (1-100 μM) for 24 h did not affect HL-60 cell viability, as shown in Fig. 1A . The duration of exposure to β-CYP or 3-PBA had an effect, with 48 h of exposure causing more adverse cytotoxicity than that observed after 24 h of exposure. The concentration of β-CYP or 3-PBA also had an effect, as exposure to 50 and 100 μM β-CYP resulted in 10% and 25% reduction, respectively, exposure to 100 μM 3-PBA caused an 11% reduction in cell viability, when compared with the control (Fig. 1B) . Exposure of HL-60 cells to NAC (a potent antioxidant) at 2.5, 5, or 10 mM for 24 h did not affect cell viability (Supplementary data, Fig. S1 ). In addition, pretreatment with 5 mM NAC partially blocked the β-CYPand 3-PBA-induced cytotoxicity in HL-60 cells (Fig. 1A,B) .
β-CYP and 3-PBA regulated mRNA expression of apoptosis-related genes and caspase-3 activity in HL-60 cells Exposure of HL-60 cells to β-CYP for 48 h resulted in an upregulation in the mRNA levels of p53, Bax, Caspase-3, and Caspase-9, while the levels of Bcl-2 and Caspase-8 mRNA did not change ( Fig. 2A) . HL-60 cells exposed to 3-PBA for 48 h displayed increased mRNA levels of Bax and Caspase-9, but no change in the levels of p53, Bcl-2, Caspase-3, and Caspase-8 mRNA (Fig. 2B) . These effects of β-CYP and 3-PBA exposure on the mRNA levels of apoptosis-related genes were all partially attenuated by pretreatment with 5 mM NAC.
We also evaluated the effect of β-CYP and 3-PBA on caspase-3 activity and found that exposure to 100 μM β-CYP or 3-PBA significantly increased the caspase-3 activity in HL-60 cells, and that pretreatment with NAC partially attenuated the elevation induced by β-CYP, as shown in Fig. 3 . Although no statistical significance was observed, it is interesting to note that pretreatment with NAC resulted in a moderate decrease in caspase-3 activity, compared to treatment with 100 μM 3-PBA alone.
β-CYP and 3-PBA altered cell cycle distribution in HL-60 cells
Exposure to 50 and 100 μM β-CYP caused a considerably increase in the population of HL-60 cells in G1 phase, resulting in G1 cell cycle arrest, and exposure to 100 μM β-CYP also caused a significant increase in the number of cells in sub-G1 phase, as shown in Fig. 4C ,D,K. In contrast, exposure to 100 μM 3-PBA increased the population of HL-60 cells in G1 phase to a much lesser extent than β-CYP (Fig. 4H,I ,L). Pretreatment with NAC partially blocked the β-CYP-induced increases in the sub-G1 and G1 phase cell populations (Fig. 4E,K) .
β-CYP and 3-PBA inhibited the mRNA expression of genes related to granulocytic differentiation in HL-60 cells
The mRNA expression of CD11b and CSF-3R in HL-60 cells was upregulated by 72 h of treatment with 1-8 μM ATRA (Supplementary  data, Fig. S2 ). Exposure to 50 and 100 μM β-CYP inhibited the ATRA-induced increase at CD11b and CSF-3R mRNA levels in HL-60 cells, while pretreatment with 5 mM NAC partially blocked the Table 1 . Sequences of primer pairs used in the RT-qPCR
Gene
Sequence
Reverse 5′-GGGGCTTGATCTCAAAATGA-3′ Caspase-9 Forward 5′-GCATTTCATGGTGGAGGTG-3′
Reverse 5′-GTAGGACACAAAGATGTCAC-3′
Bcl-2
Forward 5′-GAGGATTGTGGCCTTCTTTG-3′ Reverse 5′-ACAGTTCCACAAAGGCATCC-3′
Bax
Forward 5′-TTTGCTTCAGGGTTTCATCC-3′ Reverse 5′-ATCCTCTGCAGCTCCATGTT-3′
CD11b
Forward 5′-AGTTGCCGAATTGCATCGA-3′ Reverse 5′-GGCGTTCCCACCAGAGAGA-3′
CSF-3R
Forward 5′-AACAGCTCAGAGACCTGTGGCCTC-3′ Reverse 5′-CCAAGGGGCTGGCCTGGAACCAGA-3′
PU.1
Forward 5′-CTCGTGCGTTTGGCGTTGGTATAGA-3′ Reverse 5′-TGTTACAGGCGTGCAAAATGGAAGG-3′
C/EBPε
Forward 5′-CAGCCGAGGCAGCTACAATC-3′ Reverse 5′-AGCCGGTACTCAAGGCTATCT-3′ inhibitory effect of β-CYP (Fig. 5A,B) . Similarly, exposure to 25, 50, and 100 μM 3-PBA inhibited the ATRA-induced mRNA levels of CD11b and CSF-3R in HL-60 cells, and pretreatment with 5 mM NAC likewise partially diminished the inhibitory effect of 3-PΒΑ as well (Fig. 5C,D) .
β-CYP and 3-PBA inhibited the expression of PU.1 and C/EBPε mRNA in the granulocytic differentiation of HL-60 cells PU.1 and C/EBPε are key transcription factors involved in the granulocytic differentiation of promyelocytic cells [14] . To further investigate the mechanism underlying the inhibition of granulocytic differentiation of promyelocytic cells caused by exposure to β-CYP and 3-PBA, we evaluated the expression of PU.1 and C/EBPε. The levels of PU.1 and C/EBPε mRNA were upregulated after treatment with 2 μM ATRA, but the ATRA-induced upregulation in PU.1 expression was significantly inhibited by exposure to 50 and 100 μM β-CYP or 3-PBA (Fig. 6A,C) , and the ATRA-induced upregulation in C/EBPε expression was also significantly inhibited by exposure to 100 μM β-CYP or 3-PBA (Fig. 6B,D) . In addition, pretreatment with NAC blocked the effect of β-CYP and 3-PBA on PU.1 and C/EBPε expression (Fig. 6 ).
β-CYP and 3-PBA increased ROS level in HL-60 cells
Exposure to β-CYP at 25, 50, and 100 μM concentrations for 4 h increased the ROS level in HL-60 cells by 1.5-, 2.1-and 2.2-fold, respectively, in terms of relative mean fluorescent intensity (RMFI) (Fig. 7A,B) . In comparison, the ROS level was induced to a lesser extent by exposure to 3-PBA at concentrations of 25, 50, and 100 μM for 4 h, resulting in 1.2-, 1.4-and 1.5-fold increases in RMFI, respectively (Fig. 7C,D) . Additionally, pretreatment with NAC partially blocked the increased ROS level caused by 100 μM β-CYP and 3-PBA treatment of HL-60 cells (Fig. 7) . In contrast, exposure to β-CYP and 3-PBA for 24 h showed no change in the ROS level among the treated and control groups (Supplementary data, Fig. S3 ). Cells were harvested and subjected to a caspase-3 activity assay. Data are shown as the mean ±SE from three independent experiments. *P < 0.05, ***P < 0.001 vs. control.
### P < 0.001 vs. 100 μM chemical treatment group.
Discussion
Past evidence showed that pyrethroids cause cytotoxicity. For example, it was found that deltamethrin reduced cell viability in murine splenocytes [15] . Another study revealed that CYP induced the cell death of neuroblastoma cells in a dose-and time-dependent manner [16] . Furthermore, our previous study showed that cisbifenthrin and β-CYP induced apoptosis in macrophages [9, 10] . Consistent with the findings of the aforementioned research, the results of this study showed that β-CYP and 3-PBA were cytotoxic to promyelocytic cells (Fig. 1) . This result implies that β-CYP and other pyrethroids may cause direct damage to immune progenitor cells through cytotoxicity. The common metabolite of pyrethroids is 3-PBA. β-CYP was found to be more severely cytotoxic than 3-PBA, which may be due to the effect of other metabolites, such as DCCA, and/or the biotransformation process from β-CYP to its metabolites. Exposure to β-CYP increased the expression of pro-apoptotic genes and caspase-3 activity in promyelocytic cells (Figs. 2 and 3) , indicating that β-CYP induces apoptosis in promyelocytic cells. Caspase-8 and caspase-9 are key mediators in the extrinsic and intrinsic apoptotic pathways, respectively [17] [18] [19] . We found that exposure to β-CYP increased the level of Caspase-9 mRNA, but it showed no effect on that of Caspase-8, suggesting that β-CYP may activate the intrinsic apoptotic pathway. The tumor suppressing and pro-apoptotic gene p53 is also involved in cell cycle arrest. Activation of p53 leads to an upregulation of the expression of cyclin-dependent kinase inhibitor p21, leading to cell cycle arrest [20] . The observation that β-CYP upregulated the expression of p53 implies that it may induce cell cycle arrest.
It has been shown that CYP (100-200 μM) can cause G1 cell cycle arrest in RAW 264.7 cells [21] . In agreement with this, we found that β-CYP caused G1 cell cycle arrest in promyelocytic cells (Fig. 4) . However, another pyrethroid, fenvalerate, was found to induce cell cycle progression in hormonally responsive uterine leiomyoma cells and normal uterine smooth muscle cells, at the concentration of 10 μM [22] . This discrepancy could be the result of differences between the pesticides and the cell types. These findings suggest that the potential apoptosis and cell cycle arrest jointly underlie the mechanism of cytotoxicity caused by β-CYP in promyelocytic cells. The observations that sub-G1 phase was only induced by β-CYP and that 3-PBA showed a less adverse effect on cell cycle arrest than β-CYP are in agreement with the cytotoxicity observed in β-CYP and 3-PBA (Figs. 1 and 4) .
Pyrethroids have been found to inhibit cell differentiation. A past study showed that deltamethrin (1-25 μM) inhibited osteoclast differentiation from bone marrow-derived macrophages via the regulation of heme oxygenase-1 and NFATc1 [23] . Consistent with previous studies, we found that β-CYP and 3-PBA inhibited granulocytic differentiation of HL-60 cells. This indicates that exposure of pyrethroids may reduce the population of granulocytes in an organism, thus raising reasonable concern that pyrethroids might increase susceptibility to pathogens. Differentiation of promyelocytic cells is or without 1 h of pretreatment with NAC. Cells were harvested and subjected to cell cycle analysis using a flow cytometer. Quantitative data shown for sub-G1, G1, S and G2/M phase populations are represented at the top right of the each figure. *P < 0.05, **P < 0.01, and ***P < 0.001 vs. control.
# P < 0.05, ## P < 0.01, and ### p < 0.001 vs. 100 μM chemical treatment group. The mRNA levels of PU.1 and C/EBPε were quantified by RT-qPCR. Data are shown as the mean ± SE from three independent experiments. *P < 0.05, **P < 0.01, and ***P < 0.001 vs. control. # P < 0.05, ## P < 0.01, and ### P < 0.001 vs. 100 μM chemical treatment group.
critical for both immune maintenance and function. The transcriptional factors PU.1 and C/EBPε play important roles in the granulocytic differentiation of promyelocytic cells [24] . In this study, we found that β-CYP and 3-PBA inhibited the expression of PU.1 and C/EBPε during granulocytic differentiation (Fig. 6) , suggesting that the inhibition of these transcription factors may underlie the mechanism of inhibition of granulocytic differentiation exhibited by β-CYP and 3-PBA. Pyrethroids have also been found to increase intracellular ROS level. For example, six type II pyrethroids evoked induction of lipid peroxide measured as malondialdehyde in SH-SY5Y, HepG2, and Caco-2 human cells [25] , indicating that these pyrethroids can elevate ROS level within the cell. In addition, it was reported that permethrin can cause oxidative stress both in vivo and in vitro [26] . Likewise, we found that 4 h of exposure to β-CYP and 3-PBA was sufficient to increase the ROS level in HL-60 cells (Fig. 7) . ROS could impair intracellular components, including proteins, lipids, and DNA, causing further cytotoxicity and disturbing various cellular signaling pathways [27] . Thus, it could be deduced that an elevation in ROS level may play an important role in the cytotoxicity caused by β-CYP and 3-PBA. Moreover, CYP caused elevated ROS level in macrophages, while pretreatment with NAC partially reversed the CYP-induced cytotoxic responses [10] . In agreement with these observations, we found that pretreatment with NAC blocked the toxic effects, including cytotoxicity and inhibition of differentiation, caused by β-CYP and 3-PBA effectively, but not fully. Pyrethroids were found to show endocrine-disrupting effects, including antiestrogenic and antiandrogenic activities [28] . Additionally, molecular docking results showed that deltamethrin has a strong binding affinity to CD4R, CD8R, CD28R, and CD45R, leading to apoptosis of murine splenocytes and thymocytes [15, 29] . Thus, a possible explanation for why NAC can only achieve a partial reversal of β-CYP's and 3-PBA's toxic responses in HL-60 cells in this study is the endocrine-disrupting effects or binding of pyrethroids to immune molecules. Furthermore, we found that the ROS level in HL-60 cells did not change 24 h after the cells were exposed to β-CYP and 3-PBA (Supplementary data, Fig. S3 ). This supports the observation that within 1 h of exposure CYP increases the protein levels of p-JNK and p-ERK in macrophages, while it does not change after more than 1 h [21] . In addition, this implies that oxidative stress caused by β-CYP and 3-PBA has been restored after 24 h, while the toxicity is not. This brings up the concern that, despite cellular homeostasis, the damage caused by exposure to pyrethroids could not be readily restored. When comparing the toxicity of β-CYP with 3-PBA, the finding that 3-PBA yields less elevated ROS level may partially underlie mechanism of its less severe toxic effects.
In many in vitro studies showing the toxicological effects of pyrethroids, the concentration of pyrethroids used was in the μM range [30, 31] , which was also used in this study. Toxic effects are often found at doses that do not relate to environmentally relevant doses. To our knowledge, the maximum concentration of 3-PBA in human urine was found to be within 0.1-0.5 μM, which is lower than the concentration that caused toxicological effects in this study. Nevertheless, in real life, human beings are chronically exposed to pyrethroids. Our data showed that β-CYP was toxic to macrophages in a time-dependent manner. Therefore, it is reasonable to conclude that long-term exposure to pyrethroids could lead to these immunotoxic effects.
In conclusion, β-CYP and 3-PBA could cause direct damage to promyelocytic cells through cytotoxicity and indirectly induce cell cycle arrest, as well as inhibit granulocytic differentiation through the downregulation of the transcriptional factors PU.1 and C/EBPε. Elevated ROS level underlies the mechanism of toxic effects of β-CYP and 3-PBA (Supplementary data, Fig. S4 ). The results presented herein provide evidence to support the immunotoxic effects of β-CYP and 3-PBA on promyelocytic cells as well as their underlying mechanism.
Supplementary Data
Supplementary data are available at Acta Biochimica et Biophysica Sinica online. The fluorescence data were collected using a flow cytometer. Data are shown as the mean ± SE from three independent experiments. *P < 0.05, **P < 0.01, and ***P < 0.001 vs. control.
## P < 0.01 vs. 100 μM chemical treatment group.
